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Abstract 12 
Methane in biogas has been proposed to be an electron donor to facilitate complete 13 
nitrogen removal using denitrifying anaerobic methane oxidizing (DAMO) 14 
microorganisms in an anammox reactor, by reducing the nitrate produced. However, 15 
the slow growth and the low activity of DAMO microorganisms cast a serious doubt 16 
about the practical usefulness of such a process. In this study, a previously established 17 
lab-scale membrane biofilm reactor (MBfR), with biofilms consisting of a coculture 18 
of DAMO and anammox microorganisms, was operated to answer if the DAMO 19 
reactors can achieve a nitrate reduction rate that can potentially be applied for 20 
wastewater treatment. Through progressively increasing nitrate and ammonium 21 
loading rates to the reactor, a nitrate removal rate of 684 ± 10 mg-N L-1d-1 was 22 
achieved after 453 days of operation. This rate is, to our knowledge, by far the highest 23 
reported for DAMO reactors, and far exceeds what is predicted to be required for 24 
nitrate removal in a sidestream (5.6 to 135 mg-N L-1d-1) or mainstream anammox 25 
reactor (3.2 to 124 mg-N L-1d-1). Mass balance analysis showed that the nitrite 26 
produced by nitrate reduction was jointly reduced by anammox bacteria at a rate of 27 
354 ± 3 mg-N L-1d-1, accompanied by an ammonium removal rate of 268 ± 2 mg-N L-28 
1d-1, and DAMO bacteria at a rate of 330 ± 9 mg-N L-1d-1. This study shows that the 29 
nitrate reduction rate achieved by the DAMO process can be high enough for 30 
removing nitrate produced by anammox process, which would enable complete 31 
nitrogen removal from wastewater.  32 
Key words: anaerobic methane oxidation; membrane biofilm reactor; Candidatus 33 
Methanoperedens nitroreducens; nitrate reduction rate; nitrogen removal; anammox 34 
 35 
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1. Introduction 37 
Throughout most of the twentieth century, both denitrifying anaerobic methane 38 
oxidation (DAMO) and anaerobic ammonium oxidation (anammox) processes were 39 
thought to be “impossible” (Strous and Jetten, 2004). The discovery of DAMO and 40 
anammox microorganisms has not only dramatically changed the understanding of the 41 
global carbon and nitrogen cycles, but also opened some perspectives to achieve high 42 
levels of nitrogen removal with a minimized carbon footprint during wastewater 43 
treatment (Guo et al., 2013). 44 
Anammox is an autotrophic process and is able to convert ammonium to nitrogen 45 
gas anaerobically with nitrite as the sole electron acceptor (van de Graaf et al., 1996, 46 
1997; Kuenen, 2008):  47 
NO2- + 1/1.32NH4+ → 1.02/1.32N2 + 0.26/1.32NO3-                                           (1) 48 
The identification of the responsible chemolithoautotrophic bacteria, i.e. anammox 49 
bacteria (Strous et al., 1999), stimulated the appreciation of their applied and 50 
ecological significance. Moreover, the anammox process is an economically attractive 51 
and environmentally friendly alternative to current wastewater treatment, enabling a 52 
high-level bioenergy recovery and resulting in less sludge production, oxygen supply 53 
decrease and N2O emissions reduction (Kartal et al., 2010a; Kartal et al., 2010b; Hu et 54 
al., 2013). The partial nitrification-anammox process, has to date attracted 55 
considerable attention for its application to treat various types of wastewaters (e.g. 56 
anaerobic digestion liquor, landfill leachate and industrial wastewaters) (Hippen et al., 57 
2001; van der Star et al., 2007; Joss et al., 2009; Abma et al., 2010). Both the one-58 
stage processes, e.g. CANON (Completely Autotrophic Nitrogen removal Over 59 
Nitrite) (Jetten et al., 2001), OLAND (Oxygen-Limited Autotrophic Nitrification-60 
Denitrification) (Kuai and Verstraete, 1998), and the two-stage process known as the 61 
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SHARON (Single reactor system for High activity Ammonium Removal Over 62 
Nitrite)-anammox process (van Dongen et al., 2001) have been installed and operated 63 
in full-scale. For example, stable sidestream treatment of anaerobic sludge digestion 64 
liquor with an ammonium concentration higher than 500 mg-N L-1 has been widely 65 
applied in full-scale wastewater treatment plants (van Hulle et al., 2010). More 66 
significantly, there is a growing realization about expanding the sidestream anammox 67 
technology towards mainstream applications (Jetten et al., 1997; Kartal et al., 2010a). 68 
Despite the challenges caused by the low nitrogen concentration (<100 mg-N L-1) and 69 
low, ambient temperature associated with mainstream wastewater (Hendrickx et al., 70 
2012), several studies showed that nitrogen removal could be achieved with the 71 
anammox process from mainstream wastewater (Lotti et al., 2014b; Lotti et al., 2015). 72 
In addition to the relatively long start-up time caused by the anammox bacteria’s 73 
long doubling time (11-20 days) (Strous et al., 1998; Jetten et al., 2009), which is 74 
being addressed through growing large quantities of seeding cultures, the anammox 75 
process presents some other limitations. According to Equation 1, even with an 76 
optimal ammonium to nitrite molar ratio of 1:1.32 in the feed, the anammox process 77 
can only remove 89% of the total nitrogen theoretically, with 11% of the nitrogen 78 
converted to nitrate. The nitrogen removal efficiency reported in literatures was 79 
normally around 70%, since the effluent from the partial nitritation reactor cannot 80 
ensure the ideal ratio of 1:1.32 (van Hulle et al., 2010; Lotti et al., 2014a). 81 
     The discovery of the DAMO process, in which methane is oxidized anaerobically 82 
to provide electrons for denitrification (Raghoebarsing et al., 2006; Hu et al., 2009; 83 
Ettwig et al., 2010; Haroon et al., 2013), provides new opportunities to achieve 84 
nitrogen removal from wastewater by utilizing methane as the electron donor under 85 
anaerobic conditions (Luesken et al., 2011; Shi et al., 2013). Several recent studies 86 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 5
confirmed the presence of microorganisms able to anaerobically oxidize methane with 87 
nitrite or nitrate as the electron acceptor (Ettwig et al., 2010; Haroon et al., 2013). 88 
Ettwig et al. (2010) identified a novel bacterium, ‘Candidatus Methylomirabilis 89 
oxyfera’, which is able to reduce nitrite to nitrogen gas with methane as the electron 90 
donor, while Haroon et al. (2013) discovered a novel archaeon, ‘Candidatus 91 
Methanoperedens nitroreducens’, which is capable of converting nitrate to nitrite 92 
using methane as the electron donor. These microorganisms are collectively called 93 
DAMO microorganisms. The reactions mediated by DAMO archaea and DAMO 94 
bacteria are summarized as Equations 2 and 3, respectively. 95 
NO3- + 2/8CH4 → NO2- +2/8CO2 + 4/8H2O                                                          (2) 96 
NO2- + 3/8CH4 + H+ → 1/2N2 + 3/8CO2 + 10/8H2O                                             (3) 97 
The discovery of Equation 2 provides a possibility of achieving complete nitrogen 98 
removal in an anammox reactor by supplying biogas (containing methane) as an 99 
electron donor to DAMO organisms. Several recent studies have indeed demonstrated 100 
that anammox and DAMO organisms can grow in a single reactor fed with 101 
ammonium, nitrate/nitrite and methane (Luesken et al., 2011; Haroon et al., 2013; 102 
Ding et al., 2014; Hu et al., 2015). Two bioreactors seeded with the same inocula 103 
(DAMO archaea, DAMO bacteria and anammox bacteria) were operated by feeding 104 
nitrate and nitrite as electron acceptors, respectively. Although fed with different 105 
electron acceptors, DAMO archaea dominated both reactors with anammox bacteria 106 
as a flanking partner. However, DAMO bacteria disappeared when the reactors 107 
reached stable state (Hu et al., 2015). In another study, ammonium was supplied to a 108 
culture dominated by DAMO bacteria in a sequencing batch reactor (SBR). After 161 109 
days of enrichment, a coculture dominated by DAMO bacteria and anammox bacteria 110 
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was established. The nitrite removal rate of the coculture was 100 mgN L-1d-1, and 33% 111 
of which was contributed by DAMO bacteria (Luesken et al., 2011). These two 112 
studies indicated that DAMO organisms and anammox bacteria could build a 113 
relationship with each other and they were capable of consuming nitrate/nitrite and 114 
ammonium simultaneously. In spite of the feasible coexistence of DAMO organisms 115 
and anammox bacteria, the nitrogen removal rates (NRRs) of the cocultures in these 116 
two studies were only 25 (Hu et al., 2015) and 135 mg-N L-1d-1 (Luesken et al., 2011), 117 
respectively. Particularly, the nitrate/nitrite reduction rates of DAMO organisms were 118 
only 13 and 33 mg-N L-1d-1, respectively, which were orders of magnitude lower than 119 
that required for practical applications (Luesken et al., 2011; Hu et al., 2015). 120 
Recognizing the potential of nitrogen removal via a partnership between anammox 121 
and DAMO organisms, Shi et al (2013) investigated the possibility of achieving a 122 
higher NRR with the use of a membrane biofilm reactor (MBfR). In this system, 123 
hollow fiber membranes were used to supply methane and also to provide a surface 124 
for the growth of the slow-growing DAMO and anammox organisms. Nitrate and 125 
ammonium were periodically directly fed to the liquid phase. Simultaneous nitrate 126 
and ammonium removal was achieved in this reactor at a rate of 190 mg-N L-1d-1 and 127 
60 mg-N L-1d-1, respectively. Isotopic studies revealed that nitrogen removal was 128 
achieved through a partnership of DAMO archaea, DAMO bacteria and anammox 129 
bacteria. While the rates are an order of magnitude higher than those obtained in the 130 
previous studies with suspended culture (Luesken et al., 2011; Kampman et al., 2012; 131 
Kampman et al., 2014; Hu et al., 2015), these rates, without further improvement, 132 
would not enable the practical application of the combined DAMO and anammox 133 
processes for nitrogen removal.    134 
The aim of this work is to reveal if the DAMO organisms can catalyze nitrate 135 
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reduction at a rate that is practically useful for wastewater treatment under optimal 136 
conditions despite their low biomass-specific activity. To this end, we progressively 137 
increased the nitrate and ammonium loading rates to the MBfR reported in Shi et al. 138 
(2013) and subsequently operated the MBfR as a continuous reactor rather than a 139 
SBR. The nitrate and ammonium removal rates of the MBfR were measured to 140 
evaluate the reactor performance under different operational conditions.  The data 141 
were then analyzed with a mass balance model to estimate the rates of all relevant 142 
reactions (Equations 1-3 listed above).  143 
2. Methods 144 
2.1 MBfR set-up 145 
The setup of the MBfR system in this work is shown in Figure 1. One bundle of 146 
hollow-fiber membrane, consisting of 900 polyacrynlonitrile hollow fibers with a total 147 
surface area of 1 m2, was fixed inside a polysulphone tube as the membrane module 148 
(AIP-2013, Pall, Japan). The length of each hollow fiber is 552 mm with an inside 149 
diameter of 0.8 mm. The fiber is made of composite materials. The outer and inner 150 
layers are made up of macroporous material. Between these two layers is a dense 151 
porous layer. The total volume of the membrane module is 1150 mL, comprising a 152 
working volume of 450 mL for liquid flow and biofilm growth, a volume of 300 mL 153 
inside the hollow fibers for gas delivery, and a volume of 400 ml for fiber material 154 
occupation.  155 
The bottom end of the hollow fibers was linked to a gas cylinder, and the feeding 156 
gas was forced to penetrate through the wall of hollow fibers by sealing the top end of 157 
the hollow fibers. The gas pressure of interior hollow fibers was monitored by a gas-158 
pressure gauge (Ross Brown, Australia) and manually adjusted by the regulator 159 
connected to the gas cylinder. 160 
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A 2.4 L glass bottle was used to store fresh medium containing nitrate and 161 
ammonium. To prevent air leaking into the vessel, a 3 L gas bag containing nitrogen 162 
gas was connected to the bottle. The medium was transported to the bulk liquid 163 
through a feeding pump. The medium and bulk liquid was quickly mixed and 164 
recirculated by a peristaltic pump (Masterflex, USA) from the bottom of the reactor to 165 
the top. 166 
A 330 mL overflow bottle with 180 mL headspace was set up to keep the liquid 167 
volume of the MBfR at the same level. The liquid inside the bottle was mixed by a 168 
magnetic stirrer (Labtek, Australia) at 200 rpm and the pH of which was being 169 
monitored by a pH meter (Oakton, Australia). Liquid samples were collected through 170 
the liquid sampling ports on the bottle to evaluate the performance of the MBfR. A 171 
water seal bottle was connected to the overflow bottle to release nitrogen gas and CO2 172 
produced in the MBfR and residual methane, also prevented air from getting into the 173 
system. The liquid volume of the overflow bottle was not considered during HRT 174 
calculation, since there was no biological activity in the bottle. 175 
2.2 Gas and medium 176 
The gas mix supplied to the reactor was composed of 90% CH4, 5% CO2 and 5% N2 177 
(Coregas, Australia). The fresh medium components (per liter) were as follows: 178 
KH2PO4, 0.075 to 0.11 g; CaCl2·2H2O, 0.3 g; MgSO4·7H2O, 0.2 g; NaNO3, 3.643 to 179 
9.107 g; NH4Cl, 1.146 to 1.529 g; acidic trace element solution, 0.5 mL, alkaline trace 180 
element solution, 0.2 mL (Ettwig et al., 2009). 181 
2.3 MBfR operation 182 
The MBfR was operated for about 453 days at 22 ± 2°C. The pH of MBfR was 183 
maintained at 7-8 by manually dosing 1 M HCl solution everyday. Two stages, 184 
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namely SBR stage (Day 0-212) and continuous-feeding stage (Day 238-453), were 185 
involved in the operation. 186 
In the SBR stage, a 24 hr cycle consisted of 5 min of 150 mL medium supply 187 
(recirculation pump stopped running during this period and 150 mL effluent was 188 
discharged at the same time) and 1435 min of biological reaction as described 189 
previously (Shi et al., 2013), which resulted in a hydraulic retention time (HRT) of 3 190 
days. At the initial time of the SBR stage (Day 0-52), the concentrations of nitrate and 191 
ammonium in influent were 600 mg-N L-1 and 300 mg-N L-1, respectively. With the 192 
decrease of nitrate and ammonium concentrations in the effluent, the nitrate and 193 
ammonium concentrations in the influent were periodically increased. Since the 194 
nitrate removal rate increased faster than the ammonium removal rate, the influent 195 
nitrate and ammonium concentrations were elevated to 1500 mg-N L-1 and 400 mg-N 196 
L-1 between days 197 and 212, respectively. With the improvement of NRR, 197 
continuous-feeding was applied in the second stage (Day 238-453) to avoid the 198 
fluctuation of nitrate and ammonium concentrations in the reactor. The influent 199 
(nitrate: 1000 mg-N L-1; ammonium: 400 mg-N L-1) feeding rate was controlled at 200 
300 mL d-1, which led to a decreased HRT of 1.5 days. The concentrations of nitrate 201 
and ammonium in the influent was maintained at 1000 and 400 mg-N L-1, 202 
respectively, resulting in a constant NLR of 933 mg-N L-1d-1. The gas pressure of 203 
inner hollow fibers was changed from 1.3 to 1.6 atm in this stage.  204 
2.4 Chemical and microbial analysis 205 
Liquid samples of MBfR were taken regularly to determine the concentrations of 206 
NH4+-N, NO2--N and NO3--N. The concentrations of nitrogenous compounds in the 207 
influent and effluent were measured by a Lachat QuickChem8000 Flow Injection 208 
Analyzer (Lachat Instrument, Milwaukee, WI) (Hu et al., 2009). Volatile suspended 209 
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solids (VSS) were determined in the effluent to quantify the biomass loss. 210 
Fluorescence in situ hybridization (FISH) was conducted on Day 453 as described 211 
previously (Shi et al., 2013). 212 
2.5 Biological reaction rates determination 213 
The NRR of the MBfR system was determined by the net ammonium oxidation rate 214 
(rNH4+) and nitrate reduction rate (rNO3-). FISH test indicated that DAMO archaea 215 
(50%), DAMO bacteria (20%) and anammox bacteria (20%) jointly dominated the 216 
microbial community in the biofilm. Based on the theoretical yields of the DAMO 217 
and anammox organisms (Chen et al., 2014), biodegradability of yielded biomass 218 
(Lee and Rittmann, 2000) and the amount of biomass washed out within effluent, the 219 
organic matter available for denitrification in the MBfR was calculated as only 0.019 220 
g-VSS L-1d-1 at the final steady stage.  Its contribution to the total denitrification rate 221 
was estimated to be below 2%, which is negligible. Therefore, three biological 222 
reactions, namely nitrate reduction by DAMO archaea (r1), nitrite reduction by 223 
DAMO bacteria (r2) and ammonium oxidation by anammox bacteria (r3), were 224 
considered as the dominating nitrogen conversion reactions in the MBfR system. 225 
Based on the Equations 1-3, the nitrogen conversion rates r1, r2 and r3 can be 226 
shown as follows: 227 
r3 = rNH4+                                                                                                                  (4) 228 
r1 = rNO3- + 0.26 rNH4+                                                                                           (5) 229 
r2 = rNO3- + 0.26 rNH4+ - 1/1.32 rNH4+                                                                   (6) 230 
3. Results 231 
3.1 Performance of the MBfR 232 
The MBfR (as shown in Figure 1) was operated in two stages over a period of 453 233 
days. The nitrate, nitrite and ammonium concentrations in the influent and effluent 234 
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were measured regularly (Figure 2a).  These measurements, along with the hydraulic 235 
loading rates, were used to calculate the total nitrogen loading rates (NLRs), the 236 
nitrate and ammonium removal rates and the total NRRs, with the results shown in 237 
Figure 2b.  238 
In the SBR stage (Day 0 - 212), the nitrate removal rate, ammonium removal rate 239 
and total NRR remained relatively stable at 183 ± 12 mg-N L-1d-1, 45 ± 5 mg-N L-1d-1 240 
and 228 ± 14 mg-N L-1d-1, respectively, prior to the first change of NLR on Day 53. 241 
By Day 40, the effluent nitrate concentration became negligible, indicating complete 242 
nitrate removal. On Day 53, the nitrate concentration in the influent was increased 243 
from 600 mg-N L-1 to 700 mg-N L-1. Both the nitrate and ammonium removal rates 244 
decreased slightly following the change; however, both recovered in the following 35 245 
days, which triggered further increase in the influent nitrate concentration to 1000 246 
mg-N L-1 on Day 137. Indeed, an exponential increase of the nitrate, ammonium and 247 
total nitrogen removal rates occurred during days of 150 to 212, with the progressive 248 
increase in the NLR. The nitrate removal rate reached 485 mg-N L-1d-1 at the end of 249 
this period, while NLR reached 633 mg-N L-1d-1 (1500 mg-NO3--N L-1, 400 mg-250 
NH4+-N L-1). No nitrite accumulation was observed during the entire phase, with the 251 
nitrite concentration in the effluent mostly below 1.0 mg-N L-1 (Figure 2a). 252 
In the continuous-feeding mode during days of 238 to 453, the HRT was shortened 253 
to 1.5 days from 3 days with the influent nitrate and ammonium concentrations at 254 
1000 and 400 mg-N L-1, respectively, to further increase the NLR to 933 mg-N L-1d-1. 255 
Unfortunately, accidental pressure losses from the gas cylinder due to faulty 256 
connecting tubing occurred on Day 238, 312 and 380 (shown by arrows in Figure 2b), 257 
which caused sharp drops in the reactor performance in all cases. Biomass was visible 258 
in the effluent after the accidents, indicating part of the biomass was detached from 259 
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the hollow fibers. It took approximately two months in each case for the reactor 260 
performance to fully recover, causing relatively large variations in the performance. 261 
However, the rates returned to similar values after each recovery. During Day 433 to 262 
453, during which the reactor performance was stable, the average nitrate, ammonium 263 
and total nitrogen removal rates were 614 ± 10 mg-N L-1d-1, 268 ± 2 mg-N L-1d-1, and 264 
882 ± 11 mg-N L-1d-1, respectively, representing approximately 92%, 100% and 95% 265 
of the respective loading rates. These values are similar to those in other periods when 266 
the reactor fully recovered. Like in the SBR phase, no nitrite accumulation was 267 
observed in this phase, with the nitrite concentration in the effluent mostly below 1.0 268 
mg-N L-1 (Figure 2a). 269 
3.2 Rates of key reactions (Equations 1-3) 270 
FISH measurement revealed that DAMO archaea (50%), DAMO bacteria (20%) and 271 
anammox bacteria (20%) jointly dominated the microbial community in the biofilm, 272 
which meant that other microorganisms formed a small part of the microbial 273 
population. The calculation of the contribution of heterotrophic denitrification to 274 
nitrate and nitrite removal (less than 2%) corroborated the microbial data. Both these 275 
results suggested that the three reactions (Equation 1-3) were the dominant 276 
bioprocesses in this reactor. Hence, the above-presented (apparent) nitrate and 277 
ammonium removal rates and the absence of nitrite accumulation enable the 278 
calculation of the rates of Equations 1-3 with Equations 4-6. This subsequently 279 
enables the calculation of the nitrate reduction rate of DAMO archaea (catalyzing 280 
Equation 2) and the nitrite reduction rate by anammox (catalyzing Equation 1) and 281 
DAMO bacteria (catalyzing Equation 3). These rates during the continuous operation 282 
phase are shown in Figure 3. The average ‘normal’ (i.e. with data in the disturbed 283 
periods removed) nitrate removal rate by DAMO achaea was 684 ± 10 mg-N L-1d-1, 284 
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while the average ‘normal’ nitrite removal rate by DAMO bacteria and anammox 285 
bacteria was 330 ± 9 and 354 ± 3 mg-N L-1d-1, respectively. The nitrate removal rate 286 
by DAMO archaea was approximately 11% higher than the apparent nitrate removal 287 
rate (614 ± 10 mg-N L-1d-1). This may be because that, in addition to removing nitrate 288 
in the feed, DAMO archaea also removed nitrate produced by the anammox reaction. 289 
The nitrite production rate by DAMO archaea should be equivalent to its nitrate 290 
removal rate (i.e. 684 ± 10  mg-N L-1d-1). DAMO bacteria and anammox bacteria are 291 
estimated to remove approximately 48% and 52%, respectively, of the nitrite 292 
produced. 293 
4. Discussion  294 
Although methane-supported biological nitrate/nitrite removal from wastewater has 295 
been investigated in several lab-scale studies, the removal rates achieved were always 296 
too low to be practically applicable. This has become a major bottleneck for applying 297 
this technology in practice (Kampman et al., 2012; Shi et al., 2013; Kampman et al., 298 
2014). Table 1 summarizes the DAMO-supported nitrate and nitrite reduction rates 299 
reported in literature to date, in comparison with the anammox process. The nitrate 300 
reduction rate achieved in this study was 684 mg-N L-1d-1, which is 2.3 times higher 301 
than that obtained in Shi et al. (2013) and 7.2 – 135.8 times higher than other rates 302 
(Table 1). To the best of our knowledge, this is the highest nitrate reduction rate by 303 
DAMO organisms to date, indicating that DAMO microorganisms have a great 304 
capacity of removing nitrate. 305 
The NRRs of the anammox process, either in one-stage or in two-stage systems, in 306 
sidestream wastewater treatment, were normally between 50 and 1200 mg-N L-1d-1 307 
(Hu et al., 2013). Thus the nitrate production rates of sidestream anammox process 308 
ranged from 5.6 to 135 mg-N L-1d-1 (i.e. 11% of the anammox NRR). Similarly, the 309 
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NRRs in mainstream anammox process in recent studies were generally between 28 310 
and 1100 mg-N L-1d-1 (Regmi et al., 2014), which led to the nitrate production rates 311 
from 3.2 to 124 mg-N L-1d-1. It means that complete nitrogen removal can only be 312 
obtained when the nitrate reduction rate reaches 135 mg-N L-1d-1 or higher. The 313 
nitrate reduction rate in this study is much higher than what required as calculated, 314 
demonstrating that the DAMO process is capable of removing nitrate completely in 315 
anammox systems. In theory, complete nitrogen removal can still be achieved when 316 
the NRR of the anammox process is up to 6104 mg-N L-1d-1, which is much higher 317 
than what acquired in most lab-scale or full-scale nitrogen removal systems involving 318 
anammox.  319 
This high nitrate reduction rate in the MBfR could be attributed to several factors. 320 
Firstly, biomass retention was recognized as a vital factor for good nitrogen removal 321 
by DAMO and anammox microorganisms due to their slow growth rate (Tang et al., 322 
2011; Kampman et al., 2012; Shi et al., 2013). The uncoupling between SRT and 323 
HRT in the MBfR can efficiently prevent the microorganisms from being washed out 324 
of the system (Syron and Casey, 2008), which is particularly important for the 325 
proliferation of slow-growing microorganisms such as DAMO and anammox 326 
microorganisms. In the proposed MBfR, hollow-fiber membrane was used as a carrier 327 
for microorganism attachment. Biofilm was visible on the out-layer of membrane and 328 
biomass in the effluent was hardly visible during operation. The biomass loss rate in 329 
the effluent was only 0.006 g-VSS L-1d-1 in the final steady stage, indicating superior 330 
biomass retention in the MBfR system. Secondly, elevated nitrate loading rate might 331 
have stimulated the growth of DAMO archaea, which was supported by the visible 332 
increase of biofilm thickness. Also the percentage of DAMO archaea increased to 50% 333 
of the microbial population compared to 20-30% in Shi et al., (2013). Therefore the 334 
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increase of nitrate removal rate in the reactor may be mainly due to the increase of 335 
DAMO archaea biomass. Thirdly, the continuous-feeding mode applied during the 336 
operation and the decrease of HRT from 3 days to 1.5 days accelerated liquid 337 
discharge from the MBfR. It was speculated that accumulation of inhibiting products 338 
might confine the activity of DAMO organisms (Ettwig et al., 2008; Kampman et al., 339 
2012). Decrease of the HRT may have helped wash out the potential inhibitors when 340 
the microbial activity was at a high level. 341 
Although a high nitrate reduction rate was obtained in this study, the rate decreased 342 
severely after pressure losses in the methane gas delivery line. The losses of pressure 343 
inside the hollow fibers caused biomass detachment from the biofilm (biomass was 344 
observed in the effluent). Although the MBfR was quickly re-pressurized when losses 345 
of pressure were detected, the nitrogen removal rate kept decreasing for a couple of 346 
weeks. This could be attributed to the fact that detached biomass was trapped in the 347 
dense fibers and was only completely washed out in a few weeks. The suspended 348 
biomass was still active, which may explain the slow drop of reactor performance. 349 
The performance could only be completely recovered after around two months every 350 
time, revealing that the reactor is sensitive to the failure of biomass retention. Thus, 351 
further research is needed to improve the robustness of the MBfR system. 352 
It should be noted that, with the aim of revealing the potentially achievable nitrate 353 
reduction rate by DAMO organisms, nitrate was used in the feed along with 354 
ammonium. The fact that no nitrite accumulation was observed during the study 355 
suggests that the activities of anammox and DAMO bacteria were limited by the 356 
activity of DAMO archaea. In practice, the feed to an anammox reactor comprises 357 
mainly nitrite and ammonium (preferably at a ratio of 1.32:1). Hence, the microbial 358 
community in the biofilm would be significantly different from that in our reactor. 359 
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However, the DAMO archaea population is expected to develop, due to the 360 
simultaneous presence of nitrate and methane, and the absence of electron donors 361 
supporting the development of ordinary nitrate reducers. Our study suggests that 362 
DAMO archaea population can be retained in the biofilm, catalyzing the removal of 363 
nitrate at a satisfactory rate and therefore facilitating a high-level of nitrogen removal 364 
that is otherwise difficult to achieve in an anammox reactor. In our system, DAMO 365 
bacteria were present removing 48% of the nitrite. We hypothesize the abundance of 366 
DAMO bacteria may be related to the limited supply of ammonium (relative to the 367 
availability of nitrite) in our system. This may not be the case in a MBfR fed with 368 
nitrite and ammonium at a proper ratio. Based on the known kinetics of anammox 369 
bacteria and DAMO bacteria, anammox bacteria are expected to have a competitive 370 
advantage over DAMO bacteria (Luesken et al., 2011; Hu et al., 2015). However, a 371 
detailed MBfR study with ammonium and nitrite in the feed is required to get a full 372 
understanding of the population dynamics and reactor performance.     373 
5. Conclusion 374 
This study evaluated the feasibility of improving the nitrate reduction rate for 375 
complete nitrogen removal in a MBfR system. The main conclusions are drawn as 376 
follows: 377 
•  A high level of nitrate reduction rate (684 ± 10 mg-N L-1d-1) can be achieved by 378 
DAMO archaea, which is practically useful for both mainstream and sidestream 379 
nitrogen removal. 380 
• Complete nitrogen removal is possible by integrating the DAMO and anammox 381 
processes, with methane as the sole electron donor enabling nitrate removal. 382 
• A membrane biofilm reactor is a suitable technology for integrating the anammox 383 
and DAMO processes. 384 
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• Both the nitrate reduction rate and the whole membrane biofilm reactor 385 
performance can be elevated by increasing the nitrogen loading rate and applying 386 
a continuous-feeding mode. 387 
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Table 1 Comparison of the DAMO nitrate and nitrite reduction rates and anammox nitrite reduction 
rate reported to date 
Process and 
reference 
Configuration 
(Types of 
aggregates) 
Temperature 
(°C) 
Microbial 
composition 
Nitrate removal ratea  
(mg-N L-1d-1) 
Nitrite removal rate 
(mg-N L-1d-1) 
Anammox-related 
processes (Hu et al., 
2013) 
(Biofilm/suspended 
sludge/granular/hybr
id) 
22 - 37 
Ammonium 
oxidizing bacteria; 
anammox bacteria 
- 28 – 683b 
Synergetic DAMO 
and anammox 
processes (Luesken 
et al., 2011) 
SBR (Suspended 
sludge) 30 
Anammox bacteria; 
DAMO bacteria - 
77 for anammox 
bacteria; 33 for 
DAMO bacteria 
DAMO process 
(Kampman et al., 
2012) 
SBR (Suspended 
sludge) 30 DAMO bacteria - 38 
DAMO process 
(Kampman et al., 
2014) 
Membrane reactor 
(Suspended sludge 
and biofilm) 
20 DAMO bacteria - 36 
Synergetic DAMO 
and anammox 
processes (Haroon 
et al., 2013) 
SBR (Suspended 
sludge) 22 
Anammox bacteria; 
DAMO archaea 
 
13 13 for anammox bacteriab 
Synergetic DAMO 
and anammox 
processes (nitrate-
fed reactor) (Hu et 
al., 2015) 
SBR (Suspended 
sludge) 35 
Anammox bacteria; 
DAMO archaea 
 
16 16 for anammox bacteriab 
Synergetic DAMO 
and anammox 
processes (nitrite-
fed reactor) (Hu et 
al., 2015) 
SBR (Suspended 
sludge) 35 
Anammox bacteria; 
DA O archaea 
 
5 25 for anammox bacteriab 
Synergetic DAMO 
and anammox 
processes (Ding et 
al., 2014) 
SBR (Suspended 
sludge) 35 
Anammox bacteria; 
DAMO bacteria; 
DAMO archaea 
83 
8 for DAMO 
bacteriac; 75 for 
anammox bacteriab 
Synergetic DAMO 
and anammox 
processes (Shi et 
al., 2013) 
MBfR (biofilm) 22 
Anammox bacteria; 
DAMO bacteria; 
DAMO archaea 
206 
126 for DAMO 
bacteriac; 80 for 
anammox bacteriab 
Synergetic DAMO 
and anammox 
processes (this 
study) 
MBfR (biofilm) 22 
Anammox bacteria; 
DAMO bacteria; 
DAMO archaea 
684 
330 for DAMO 
bacteriac; 354 for 
anammox bacteriab 
 
a nitrate removal rate of DAMO archaea was calculated by Equation 5. 
b nitrite removal rate of anammox bacteria was calculated by Equation 1. 
c nitrite removal rate of DAMO bacteria was calculated by Equation 6. 
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Figure 1. (a) The MBfR setup, and (b) the hypothesized in-biofilm reactions (Shi et al., 2013).
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Figure 2 (a) Ammonium and nitrate concentrations in the influent and effluent, and the hydraulic 
retention time, and (b) the total nitrogen loading rates, and the ammonium, nitrate and total 
nitrogen removal rates, during 453 days of operation. Arrows on Day 238, 312 and 380 indicated 
pressure losses in the hollow fibers, leading to reverse permeation of bulk liquid to the interior 
space of the hollow fibers. Grey box was the transitional period between SBR and continuous 
mode, which operated with the same conditions as applied in the SBR stage but additional 
ammonium and nitrate were added to guarantee adequate substrates. 
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Figure 3 The estimated nitrate removal rate by DAMO archaea, nitrite removal rate by DAMO 
bacteria and nitrite removal rate by anammox bacteria in the continuous-feeding stage	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Highlights  
• A coculture of DAMO archaea, DAMO bacteria and anammox bacteria was 
enriched. 
• High nitrate reduction rate was obtained by DAMO archaea. 
• The achieved nitrate reduction rate is practically useful for wastewater 
treatment. 
• Biogas is a potential electron donor for nitrogen removal from wastewater. 
• A membrane biofilm reactor is a suitable technology for anammox and 
DAMO processes. 
 
